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The  metallo-organic  decomposition  (MOD)  process  for  preparing  films 
or  powders  has  a  number  of  advantages  over  conventional  processes^  Dif¬ 
ferent  types  of  MOD  films  have  been  discussed  in  various  papers  and 
technical  reports  by  the  Vests  [1-5].-  ^he  metallo-organic  compounds 
used  in  the  present  study  had  oxygen  as  the  hetero  atom  to  bond  a  metal 
atom  to  an  organic  ligand^  These  compounds  were  each  dissolved  in  an 
appropriate  solvent  and  the  {solutions  mixed  to  achieve  the  desired 
stoichiometry.  After  adjusting  the  rheology,  the  formulation  was  depo¬ 
sited  on  an  appropriate  substrate  to  make  a  film  or  contained  in  a  pla¬ 
tinum  dish  to  make  a  powder,  and  pyrolyzed  to  yield  the  inorganic  pro¬ 
duct.  Since  the  mixing  of  the  starting  materials  is  on  the  molecular 
level,  the  inorganic  species  exist  as  atoms  or  molecules  in  intimate 

contact  immediately  after  decomposition.  This  leads  to  much  more  rapid 

/ 

formation  of  compounds  and  sintering  of  films,  which  translates  to  lower 
temperature  processing  of  equilibrium  phases  and  films. 


a 


This  report  is  divided  into  three  parts.  The  first  details  studies 

of  the  kinetics  of  formation  of  BaTlO^  and  PbTiO^1  by  the  MOD  process, 

'St¬ 
and  demonstrates  that  the  temperatures  required  are  more  than  200  C 

lower  than  those  needed  if  the  finest  available  powders  are  used  as  pre¬ 
cursors.  The  second  part  of  the  report  describes  a  study  of  the  defect 
structure  and  dielectric  properties  of  Nd^O^  doped  BaTiO^.  The  use  of 
the  MOD  process  to  prepare  the  various  compositions  insured  the  forma¬ 
tion  of  equilibrium  phases.  The  third  part  of  the  report  discusses 


preliminary  studies  of  BaTiOj  film  formation  by  the  MOD  process 


OB  • 


2.  KINETICS  OF  FORMATION  OF  BaTiO„  and  PbTiO„ 

3  3 


2.1  General 


Conventionally,  dielectric  materials  are  produced  by  solid  state 
reaction  between  powder  precursors.  The  dielectric  properties  of  such 
materials  are  affected  to  a  great  extent  by  the  degree  of  mixing  of 
ingredient  materials  and  impurities  introduced  through  milling.  Thus, 
reproducible  dielectric  properties  are  very  difficult  to  achieve  by  the 
solid  state  reaction  technique.  The  MOD  technique  has  great  potential 
of  overcoming  these  difficulties.  The  firing  temperatures  involved  in 
the  solid  state  reaction  technique  are  quite  high,  and  special  precau¬ 
tions  are  mandatory  in  order  to  prevent  PbO  loss  while  preparing  PbTiO^. 
It  is  possible  to  prepare  compounds  involving  volatile  materials  at  con¬ 
siderably  lower  temperature  by  the  MOD  process  compared  to  the  conven¬ 
tional  method. 


Barium  neodecanoate  [Ba(C  H  COO)  ]  and  titanium  dimethoxy  dineode- 

canoate  UCH^Oj^T^CgH^COO^lwere  the  precursors  used  for  BaTiO^.  Lead 

acetate  trihydrate  [Pb(CH3C00)2.3H20]  was  soluble  in  titanium  dimethoxy 

dineodecanoate  solution  in  xylene ,  and  those  two  were  used  as  precursors 

for  PbTiO  .  To  study  the  effect  of  the  nature  of  the  precursors,  the 
3 

kinetics  of  PbTiO  formation  were  also  studied  using  lead  neodecanoate 

3 

[Pb(C  H  COO)  1  and  titanium  dimethoxy  dineodecanoate  solutions.  The 
9  19  2 

kinetics  data  were  fit  to  appropriate  models. 


2.2  Experimental 


2.2.1  Materials 

Selection  criteria  used  for  metallo-organic  compounds  are  discussed 

elsewhere  [1,2].  Most  of  the  selected  metallo-organic  compounds  were 

synthesised  in  house  for  better  control  over  experimental  variables. 

* 

However,  commercially  available  lead  acetate  trihydrate  was  used  for 
the  PbTiO^  formation  studies. 

2.2.2  Materials  Synthesis 
Titanium  Dimethoxy  Dineodecanoate 

# 

Eighty  six  grams  (0.5  moles)  of  titanium  methoxide  was  transferred 

to  1000  ml.  flask  under  an  inert  atmosphere.  Two  hundred  ml.  (1  mole)  of 

$ 

95  Z  pure  neodecanolc  acid  and  about  20  ml  of  spectrographic  pure 
methanol*  were  added  to  the  flask  without  disturbing  the  inert  atmo¬ 
sphere.  The  reaction  mixture  was  refluxed  under  the  inert  atmosphere 
for  at  least  three  hours  at  65° C. 

A  pale  yellow  viscous  liquid  was  obtained.  Methanol  from  that 
liquid  was  removed  by  vacuum  distillation,  and  the  liquid  was  dissolved 
in  xylene.  Traces  of  unreacted  titanium  methoxide  was  filtered  out  to 

*  L-33,  Fisher  Scientific  Co.,  Fair  Lawn,  NJ  07410. 

#  77137,  Alfa  Products,  152  Andover  Street,  Danvers,  MA  01923. 

$  Neodecanolc  Prime,  Exxon  Chemicals  Americas,  Houston,  TX  77001. 

+  A-408 ,  Fisher  Scientific,  Fair  Lawn,  NJ  07410. 
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obtain  a  clear  pale  yellow  solution  of  titanium  dimethoxy  dineodecanoate 
in  xylene. 

Reaction: 

(CH30)4Ti  +  2C9HigCOOH - *  (C^COO)  2Ti(CH30) 2  +  2CH3OH 

Barium  Neodecanoate 

** 

One  hundred  and  fifty  g  (0.61  moles)  of  BaC^^t^O  were  dissolved 
in  about  300  ml  of  water.  In  a  2000  ml  beaker,  240  ml  (1.2  moles)  of 
neodecanoic  acid  were  neutralized  by  75  ml(1.2  moles)  of  NH^OH  (NH3 

assay:  30  %)  .  The  solution  was  stirred  for  20-25  minutes.  To  this 

ammonium  soap  solution,  the  BaCl^  solution  was  added  with  vigorous  stir¬ 
ring.  The  white  gummy  barium  soap  was  formed  as  a  top  layer  which  was 
dissolved  in  xylene  and  was  separated  from  the  aqueous  layer  with  the 
help  of  a  separatory  funnel. 

Reactions : 

NH  OH  +  C  H  COOH - ►  C„H,nC00NH.  +  H„0 

4  9  19  9  19  4  2 

2C  H  COONH  +  BaCl - ►  2NH  Cl  +  (CQH, QC00)  _Ba 

9  19  4  2  4  9  19  2 

Lead  Neodecanoate 

Two  hundred  and  forty  grams  (0.73  moles)  of  PMNO^)^  were  dis¬ 
solved  in  about  650-700  ml  of  water.  In  a  2000  ml  beaker,  280  ml  (1.4 
**  BX60,  MCB,  Norwood,  OH  45212. 

##  A-669  S,  Fisher  Scientific  Co.,  Fair  Lawn,  NJ  07410. 


moles)  of  neodecanoic  acid(95%  purity)  were  neutralized  by  87  ml  of 


NH^OH  (NH3  assay:  30%).  After  stirring  the  solution  for  20-25  minutes 
the  Pb(N03)2  solution  was  added  with  constant  stirring.  A  pale  yellow, 
gummy  lead  neodecanoate  soap  settled  at  the  bottom  of  the  flask.  It  was 
separated  from  the  aqueous  solution  and  was  dissolved  in  xylene. 

Reactions : 

NttOH  +  C H  COOH - *■  CQR1QC00NH.+  Ho0 

4  9  19  9  19  4  2 

2C9H19COONU4  +  Pb(N03)2 - *■  2NH4N03  +  (C9H19C0°)  2Pb 

In  these  preparations,  the  ammonium  soap  was  purposely  used  to 
insure  that  no  impurities  such  as  alkali  oxides  were  introduced  in  the 
fired  product;  unreacted  ammonium  soap  on  firing  will  produce  gaseous 
products  such  as  NH3>  NO^  C02  and  H^O. 

2.2.3  Compound  Characterization 

The  thermal  decomposition  behavior  of  the  compounds  was  studied 

using  thermogravimetric  analysis  (TGA).  The  final  decomposition  pro- 

* 

ducts  were  characterized  using  an  x—ray  diffractometer  with  Cu-kct  radi- 
ation.  Barium  neodecanoate  and  titanium  dimethoxy  dineodecancate  decom¬ 
posed  to  BaCO^  (witherite)  and  TiC>2  (anatase)  respectively.  Both  lead 
acetate  and  lead  neodecanoate  produced  a  mixture  of  litharge  (PbO)  and 
massicot  (PbO)  on  decomposition.  Surface  areas  of  the  powders  obtained 
at  the  temperature  corresponding  to  complete  decomposition  of  the 
"*#"  LX0T59-1 ,  MCB,  Norwood,  OH  45212. 


metallo-organic  compounds  were  measured  using  the  BET  method  . 

2.2.4  Kinetic  Studies 

Figures  1-3  show  thermograms  of  xylene  solutions  of  barium  neode- 

canoate,  titanium  dimethoxy  dineodecanoate  and  an  equimolar  mixture  of 

barium  neodecanoate  and  titanium  dimethoxy  dineodecanoate,  respectively. 

The  thermogram  of  the  equimolar  mixture  shows  a  weight  loss  around  600- 
o 

625  C.  This  weight  loss  approximately  corresponds  to  the  weight  loss  in 

the  formation  of  barium  titanate  from  barium  carbonate  and  titanium 

dioxide.  Thus,  the  kinetics  of  formation  of  barium  titanate  were  studied 
o 

at  600-660  C.  Barium  neodecanoate  and  titanium  dimethoxy  dineodecanoate 

solutions  were  mixed  in  an  equimolar  proportion.  The  mixture  was  heated 

o 

at  a  programmed  heating  rate  of  5  C/min.  from  room  temperature  to  595, 
o 

620  and  660  C,  and  held  at  these  temperatures  for  various  time  periods. 

o 

Lead  neodecanoate  solution  in  xylene  when  heated  at  5  C/min  showed 
signs  of  partial  evaporation  before  decomposition.  An  equimolar  solution 
of  lead  neodecanoate  and  titanium  dimethoxy  dineodecanoate  in  xylene, 
and  an  equimolar  solution  of  lead  acetate  and  titanium  dimethoxy  dineo- 
de»  '■e  also  showed  signs  of  partial  evaporation  before  decomposition 
when  >.  '  at  5° C/min.  A  lower  heating  rate  gave  inhomogeneous  decom¬ 

position  products,  where  a  thin  PbO  rich  layer  was  observed  on  the  top 

of  the  decomposed  product.  The  best  results  were  obtained  by  adding  high 

* 

boiling  point  liquids  such  as  ethyl  stearate  [CH_(CH„) . ,C0oC„Hc ]  and 

3  2  16  2  2  5 

*  Kristallof lex  4,  Siemens  Inc. ,  Germany. 

**  Monosorb,  Quantachrome  Inc.,  Greenvale,  NY  11548. 


Table  2.  Comparison  of  Kinetic  Parameters  for  BaTiO^  Formation  Studies 
Precursors  C  (sec  1)  0(kJ/mole) 

Q 

Metallo-organic  4.95  X  10  232 

1.03  x  106 


Powder  (Amin  et  al.  [7]) 


232 
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also  analyzed.  Assuming  that  the  'K'  in  the  Eq.  (3)  has  a  form 

K=Cexp(-Q/RT)  (4) 

the  values  of  activation  energy  and  the  constant  C  were  calculated  for 
the  present  set  of  data  as  well  as  for  Amin  et  al.'s  data.  The  results 
of  the  analyses  are  presented  in  Table  2.  The  values  of  Q  are  identi¬ 
cal,  but  the  values  of  C  are  very  different  . ausing  the  reaction  rates 
to  differ.  At  constant  temperature,  the  same  fractional  completion  of 
the  reaction  is  achieved  with  the  MOD  process  in  1/500  of  the  time 

required  with  powder  precursors.  At  constant  reaction  time  for  a  cer- 

o 

tain  fractional  completion,  900  C  would  be  required  for  powder  precur- 
o 

sors  and  670  C  for  the  MOD  process. 

The  constant  'C'  in  Eq.  (4)  is  related  to  the  diffusion  path 

lengths.  Hence,  when  using  the  MOD  process  the  diffusion  path  lengths 
are  considerably  shorter  than  those  in  the  conventional  process,  but  the 
basic  reaction  mechanism  remains  the  same  as  evidenced  by  the  identical 
activation  energies  in  Table  2.  This  is  the  result  of  the  intimate  mix¬ 
ing  and  finer  grain  size  of  the  powders  formed  by  the  MOD  process. 

Table  3  compares  the  BET  surface  areas  of  the  reactants  used  by  Amin  et 

al.  [7]  with  those  obtained  by  the  MOD  process.  The  particle  sizes  of 

reactants  obtained  by  decomposition  of  metallo-organic  compounds  are 
smaller  by  factors  of  5  to  14  compared  to  the  finest  available  commer¬ 
cial  powders. 

Figures  8  and  9  are  plots  of  -ln(l-  a  )  versus  (t)  for  PbTiO^  for¬ 
mation  from  lead  acetate  and  titanium  dimethoxy  dineodecanoate ,  and  lead 
neodecanoate  and  titanium  dimethoxy  dineodecanoate  respectively.  Table  4 


TIME  (min.) 


Figure  7.  Carter  model  fit  for  kinetics  of  BaTiO.  formation 


cated  that  Ba^TiO^  is  formed  directly  from  BaCO^  and  TiO^.  Templeton  and 
Pask  [10]  reported  that  all  the  compounds  on  the  phase  diagram  for  BaO- 
TiO^  at  a  certain  temperature  appear  in  varying  amounts ,  depending  on 
the  rate  of  diffusion.  G.  V.  Bois  et  al.  [11]  suggested  that,  in  a  mix¬ 
ture  of  BaCOg  and  the  oxides  of  group  IV  elements  which  exhibit 
polymorpnxc  transitions,  the  onset  temperature  of  reaction  is  0.6  of  the 

absolute  polymorphic  transition  temperature  of  these  oxides.  Also,  if 

o 

reaction  in  these  oxides  can  take  place  below  900  C  only  the  end  product 

o 

is  formed,  if  the  reaction  begins  above  900  C  formation  of  an  intermedi¬ 
ate  orthocompound  is  possible.  Hence,  the  BaCO^  and  rutile  reaction 
should  be  slower  as  compared  to  the  BaCO^  and  anatase  reaction.  Also, 
the  BaCO^-rutile  reaction  proceeds  through  formation  of  Ba2TiO^,  whereas 
the  BaCO^-anatase  reaction  directly  yields  BaTiO^-  In  the  present  stu¬ 
dies,  no  peaks  for  any  intermediate  phase/phases  were  detected. 

Recently,  Amin  et  al.  [7]  studied  the  formation  of  BaTiO^  from  fine 
powders.  They  fit  the  data  to  the  Carter  model  [12]  expression  for  a 
diffusion  controlled  process: 


where  Z  is  the  volume  of  BaTiO^  formed  per  unit  volume  of  BaCO^  consumed 
(Amin  et  al.  [7]  considered  Z  as  the  volume  of  BaTiO^  formed  per  unit 
volume  of  TiO^  consumed.),  a  is  the  fractional  completion  of  the  reac¬ 
tion,  after  time  t,  r  is  the  particle  size  and  k  is  a  constant.  The 
BaTiO^  formation  data  are  plotted  according  to  Eq.  (3)  in  Fig.  7.  The 
kinetic  data  for  the  reaction  between  between  the  fine  powders  of  BaCO^ 
and  TiC^  (anatase)  at  870°C  and  910°C  reported  by  Amin  et  al.  [7]  were 


(-In  (I- 


2 


Figure  6. 


(-In 


(1-cO) 
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versus  t  plot  for  BaTiO^ 


formation 


appears  that  a  plot  of  ln(-ln(l-a))  versus  ln(t)  should  give  the  value 
of  m.  However,  a  ln(-ln(l-a))  versus  ln(t)  plot  is  very  insensitive  to 
the  values  of  m.  Hence,  an  attempt  was  made  to  fit  the  data  to  all  the 
values  of  'm'  given  in  Table  1.  In  all  cases,  the  best  fit  was  observed 
for  the  value  of  m  *  1.5,  which  corresponds  to  a  diffusion  controlled 
reaction. 

Figure  6  is  plot  of  -ln(l-  a)  versus  (t)  for  BaTiO^  formation. 

From  the  slopes  of  the  lines  on  Fig.  6,  the  rate  constant  (k)  in  Eq.  (1) 

was  found  to  be  2.64  X  10  ^  min  1  at  595°C  and  6.71  X  10  ^  min  1  at 
o 

620  C.  A  value  m  =  1.5  corresponds  to  a  diffusion  controlled  reaction 
with  zero  nucleation  rate,  that  is,  nucleation  occurs  so  rapidly  that 
all  nucleation  sites  are  exhausted  at  an  early  stage  in  the  reaction. 
The  rate  constant  ' k '  in  this  model  can  be  expressed  as [6] 

k  -  BD®  (2) 
where  D  Is  the  diffusion  coefficient  and  B  is  a  constant  related  to  the 
shape  and  number  of  nuclei.  Assuming  D“Dq  exp  (-Q/RT),  and  using  the 
values  of  k,  the  activation  energy  for  diffusion  was  found  to  be  240 
kj/mole. 

Solid  state  reaction  between  BaCO^  and  TiO^  to  form  BaTiO^  has  been 
studied  extensively  and  reported  to  be  diffusion  controlled  [7-10].  How¬ 
ever  there  is  no  agreement  about  the  way  this  reaction  proceeds.  Kubo 
and  Shinriki  [8]  and  Trzebiatowski  et  al.  [9]  reported  that  some  BaTiO^ 
forms  first  and  then  Ba^TiO^,  and  finally  the  orthotitanate  combines 
with  TiOj  to  form  BaTiO^.  According  to  Kubo  and  Shinriki  [8]  Ba2li0^  is 
produced  from  BaTiO^  and  BaCO^,  whereas  Trzebiatowski  et  al.  [9]  indi- 


Nucleation  condition  Phase-boundary  Diffusion 

controlled  controlled 

Constant  nucleation  rate 
Zero  nucleation  rate 
Decreasing  nucleation  rate 
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area  under  Che  curve  with  che  help  of  a  computer.  The  (111)  and  (021) 
peaks  of  BaCO^  lie  very  close  to  each  other,  and  at  very  low  concentra¬ 
tions  it  is  hard  to  resolve  these  two  peaks.  Hence,  both  peaks  were 
chosen  for  quantitative  phase  analysis. 

X-ray  diffraction  of  the  initial  decomposition  product  of  an 
equimolar  mixture  of  lead  acetate  and  titanium  dimethoxy  dineodecanoate , 
and  lead  neodecanoate  and  titanium  dimethoxy  dineodecanoate  solutions  in 
xylene  with  methyl/ethyl  stearate  added  showed  peaks  of  litharge  (PbO), 
massicot  (PbO)  and  PbTiO^.  Intensities  of  the  (101)  peak  of  litharge, 
the  (111)  peak  of  massicot  and  the  (111)  peak  of  PbTi03  were  chosen  for 
analysis.  A  standard  curve  of  the  ratio  of  the  Intensities  of  the  [001] 
peak  of  BaTiO^ ,  to  the  [111]  and  [021]  peaks  of  BaC03  versus  the  ratio 
of  the  volume  of  BaTi03  to  BaC03  was  prepared.  Similar  curves  were 
prepared  for  massicot  and  PbTi03 ,  and  litharge  and  PbTi03«  The  quanti¬ 
tative  phase  analysis  was  done  using  these  curves. 


2.3  Results  and  Discussion 

A  general  kinetic  expression  based  on  nucleatlon  and  growth  models 
is  given  by  [6] 

-  kt"  (1) 

where  a  is  the  fractional  completion  of  the  reaction  after  time  t,  k  is 
the  rate  constant,  and  m  is  a  kinetics  parameter,  which  is  function  of 
reaction  mechanism,  nucleatlon  rate  and  geometry  of  nuclei.  Table  1 
summerlzes  the  values  of  parameter  'm'  for  various  reaction  mechanisms 
and  nucleatlon  conditions  for  three  dimensional  growth.  From  Eq.  (1)  it 
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Heating  Rate  =  l°c  /min  up  to  450°C 
IO°c/min  up  to  IOOO°C 
Atmosphere  =  Air 


f  o 

methyl  stearate  [CH3(CH2) 1&C02CH3]  (b.  p.  215  C  /15  mm.).  Figure  4  is 
a  thermogram  of  xylene  solution  of  lead  neodecanoate  with  ethyl  stearate 
added  to  It,  and  shows  weight  loss  due  to  PbO  evaporation  above  800°C. 
Figure  5  is  thermogram  of  a  xylene  solution  containing  an  equimolar  mix¬ 
ture  of  lead  neodecanoate  and  titanium  dimethoxy  dlneodecanoate  with 

o 

ethyl  stearate  added,  which  shows  no  weight  loss  up  to  1000  C  indicating 
the  formation  of  PbT103  prior  to  vaporization  of  PbO.  After  a  few  tri¬ 
als,  PbTi03  formation  studies  were  conducted  at  450°C,  550°C,  600°C  and 

o 

650  C.  Equimolar  amounts  of  lead  acetate  and  titanium  dimethoxy  dineo- 
decanoate  were  mixed  together,  and  methyl  stearate  was  added.  The  mix¬ 
ture  was  heated  at  100° C/hr  to  450°C  and  held  at  450°C  for  about  50 
minutes.  The  fired  product  was  pulverized  and  was  used  for  kinetics  stu¬ 
dies  at  450° C,  550°C,  600°C  and  650°C.  Lead  neodecanoate  has  more  ten¬ 
dency  for  evaporation  before  decomposition  compared  to  lead  acetate. 
Hence,  equimolar  amounts  of  lead  neodecanoate  and  titanium  dimethoxy 

dlneodecanoate  in  xylene  and  with  ethyl  stearate  added  were  heated  at 

o  o 

the  lower  heating  rate  of  about  60  C/hr  to  450  C,  and  the  fired  product 

o  o  o 

was  pulverized  and  used  for  kinetics  studies  at  450  C,  550  C  and  600  C. 

X-ray  diffraction  of  the  initial  decomposition  product  of  the 
BaT103  formulation  showed  only  BaC03  and  BaT103  peaks.  The  particle 
size  of  the  anatase  was  too  small  to  give  a  diffraction  pattern.  Inten¬ 
sities  of  the  [111]  and  [021]  peaks  of  BaC03  and  the  [001]  peak  of 

BaT103  were  measured  by  taking  electronic  counts  at  angular  intervals  of 
o 

0.025  ,  fitting  the  electronic  counts  to  a  curve,  and  measuring  the 
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Figure  2.  Thermogram  of  titanium  dimethoxy  dineodecanoate  solution  in  xylene 


Figure  1.  Thermogram  of  barium  neodecanoate  solution  in  xylene 
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Table  3.  Surface  Area  of  the  Reactant  Powders. 


Reactant 

Method  of 
preparation 

Surface2 
area  (m  /g) 

Calculated 
Spherical 
particle 
size  (A°) 

BaC03 

MOD 

12.6 

537 

BaC03 

Commercial  (Amin  et  al.) 

2.41 

2809 

Ti02 

MOD 

132 

59 

Ti02 

Commercial  (Amin  et  al.) 

9.63 

811 

PbO 

MOD  (from  Pb-acetate) 

0.49 

6480 

PbO 

MOD  (from  Pb-neodecanoate) 

1.44 

2200 

-  «'•  /■  «■ 


(-In  (l-a)) 


lead  acetate  and  titanium  dimethoxy  dineodecanoate. 


2/3 

Figure  9.  (-In  (1-a))  versus  t  plot  for  PbTiO^  formation  from  lead 


neodecanoate  and  titanium  dimethoxy  dineodecanoate . 


Table  4.  Reaction  Rate  Constants  for  PbTiO^ 


Temp  (°C) 


Fo rmation. 


Precursor 


K(sec  S 


gives  the  reaction  rate  constant  (k)  of  Eq.  (1)  obtained  from  these 
plots.  In  both  cases  the  reactions  are  diffusion  controlled.  However, 
when  lead-acetate  was  used  as  a  precursor,  the  reaction  preceded  with 
zero  nucleatlon  rate,  whereas,  when  lead  neodecanoate  was  used  as  a  pre¬ 
cursor  the  reaction  proceeded  with  a  constant  nucleatlon  rate.  The  lead 
titanate  kinetics  data  did  not  fit  well  to  the  Carter  model. 

Figure  10  is  a  plot  of  ln(k)  versus  (1/T)  for  PbTiO^  formation  from 
lead  acetate  and  titanium  dimethoxy  dineodecanoate.  The  activation 
energy  for  PbTiO^  formation  using  lead  acetate  as  a  precursor  was  113  ± 
18  kJ/mole,  and  similar  studies  using  lead  neodecanoate  as  a  precursor 
yielded  an  activation  energy  of  93  ±  37kJ/mole. 

Table  5  summarizes  the  cation  diffusion  data  for  the  reactants 
involved  in  the  present  investigation.  The  Carter  model  [12]  was 
developed  for  the  oxidation  of  metals,  where  spherical  metal  particles 
are  completely  surrounded  by  gas.  Since  TiO^  has  a  very  fine  grain  size, 
the  Carter  model  fits  very  well  in  this  situation.  The  reported  value 
for  the  activation  energy  for  self  diffusion  of  Ti  in  TiC^  is  239  ±  20 
kJ/mole  [13-17].  similar  values  (232  kJ/mole  and  240  kJ/mole)  were 
obtained  from  the  present  studies  using  the  Carter  model.  However,  the 
activation  energy  values  available  in  the  literature  for  the  rutile. 
Also,  it  is  possible  that  the  activation  energy  obtained  in  the  present 
experiment  correspond  to  self  diffusion  of  Ti  in  BaTiO^. 

From  Table  5  it  is  apparent  that  the  self  diffusion  coefficients  of 
Pb  in  PbO  and  Ti  in  TiO^  do  not  differ  nearly  as  much  as  do  the  self 
diffusion  coefficients  of  Ba  in  BaO  and  Ti  in  TiO^.  Thus,  the  situa- 


In  (k) 


Table  5.  Diffusion  Data  for  Cations  in  the  Reactants 


Cions  in  BaTiO^  formation  and  PbTiO^  formation  are  different.  Activa¬ 
tion  energies  deduced  from  the  experiments  ( Z  100  kj/mole)  are  consider¬ 
ably  less  then  the  activation  energies  for  self  diffusion  of  lead  or 
titanium  indicated  in  Table  5. 

2 . 4  Summary 


Formation  of  compounds  from  metallo-organic  precursors  takes  place 
at  a  much  lower  temperature  and  at  a  much  faster  rate  as  compared  to 
that  from  powder  precursors.  This  is  the  result  of  the  extremely  fine 
grain  size  of  the  decomposed  product  and  the  mixing  on  the  atomic  level. 

Barium  titanate  formation  from  metallo-organic  precursors  was  found 
to  be  a  diffusion  controlled  reaction.  The  activation  energy  for  diffu¬ 
sion  obtained  from  the  kinetic  model  was  similar  to  that  of  the  activa¬ 
tion  energy  for  self  diffusion  of  Ti  in  TiO^.  The  lead  titanate  forma¬ 
tion  reaction  was  also  found  to  be  diffusion  controlled,  but  the  activa¬ 
tion  energy  was  found  to  be  low  and  did  not  correspond  to  any  known 
activation  energy  for  diffusion. 

3.  DEFECT  STRUCTURE  AND  ELECTRICAL  PROPERTIES  OF  Nd203 

MODIFIED  BaTi03 


3.1  General 

Numerous  studies  on  the  effect  of  various  modifiers  on  the  dielec¬ 


tric  and  structural  properties  of  barium  titanate  have  been  reported. 
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Modifying  ions  having  the  same  charge  as  one  of  Che  host  cations  can 
replace  Chat  cation  without  producing  any  additional  point  defects.  The 
solid  solubility  limit  in  such  substitution  is  determined  by  the  ionic 
sizes  and  electronic  structures  of  the  cations  involved.  However,  when 
a  cation  with  different  oxidation  state  than  that  of  the  host  cation 
replaces  the  host  cation,  a  defect  structure  may  be  produced  for  charge 
compensation.  Rare  earth  ions  fall  under  this  catagory. 


Barium  titanate  doped  lightly  with  trivalent  rare  earth  ions  acts 
as  a  semiconductor,  and  ceramic  samples  show  an  analogous  dependence  of 
resistivity  on  temperature.  A  number  of  papers  have  been  published  con¬ 
cerning  the  electrical  properties  of  rare  earth  doped  barium  titanate 
[18-23].  Electrical  properties  of  rare  earth  doped  BaTiO^  are  very  sen¬ 
sitive  to  the  doping  level.  Various  studies  [21,  23,  24]  indicate  that 

BaTiO  acts  as  a  semiconductor  up  to  about  0.3  mole  %  of  additions  of 
3 

rare  earth  ions,  and  above  that  as  an  insulator.  Different  explanations 
have  been  given  for  this  behavior.  R.  Wernicke  [24]  explained  this 
effect  based  on  the  grain  size  and  kinetics  of  diffusion.  J.  B. 
MacChesney  et  al.  [23]  attributed  the  effect  to  the  presence  of  dif¬ 
ferent  defect  structures  in  the  different  composition  regimes.  They 


assumed  that  up  to  0.25  moleZ  addition  of  rare  earths  to  BaTiO^,  charge 

4+  3+ 

compensation  takes  place  by  the  conversion  Ti  to  Ti  ,  and  above  that 
by  formation  of  barium  vacancies  as  shown  in  Eq.  (5)  and  Eq.  (6). 


BaTi03+xLa203*2Ti02  -*■  BaBa+2xLaBa+TiTi+2xTi'Ti+(3+6X)Oo+:p2  (5) 


BaTi03+xLa203.3Ti02  -*  BaBa+2xLaBa+xVga  +( l+3x)TiTi+(3+9x)00  (6) 


Recently,  Chan  and  Smyth  [25]  postulated  reactions  represented  by  Eq. 
(7)  and  Eq.  (8)  for  lower  and  higher  doping  levels  respectively. 

2La203  +  AT102  ♦  4La^  +  4TiTi  +  120q  +  02  +  4e  (7) 

+  * 

2La203  +  6T102  ♦  41*'^  +  6TiT1  +  180q  +  2Vfia  (8) 

J.  B.  McChesney  et  al.[23]  also  reported  that  longer  firing  and  the 
absence  of  a  grain  boundary  phase  gave  higher  resistivity.  This  result 
contradicts  the  theory  suggested  by  R.  Wernicke  [24],  according  to  which 
large  grained  material  should  have  lower  resistivity. 

Since  lightly  doped  material  had  excellent  semiconducting  proper¬ 
ties  and  a  temperature  dependence  of  resistivity  which  was  of  interest 
for  thermistor  applications,  the  early  studies  [18-23]  were  restricted 
to  very  low  levels  of  doping.  Also,  the  defect  structures  were  mainly 
assumed.  Saburi  [21],  who  studied  the  effect  of  very  low  levels  of 
additions  of  Pr,  Sm,  Bi,  Ce,  Ta,  Nb,  Nd,  Sb,  La  and  Ta  on  electrical 
properties  of  BaTi03>  proposed  that  the  lanthanides  occupy  the  barium 
site  and  charge  compensation  takes  place  by  a  change  in  the  oxidation 
state  of  the  titanium  ion  from  +4  to  +3.  A  similar  defect  structure  was 
also  postulated  by  Tekster  et  al  [22]. 

Mazdlyasnl  and  Brown  [26]  reported  the  absence  of  any  second  phase 
up  to  0.2  moleZ  additions  of  La203  and  Nd203  to  BaTi03.  Vojnovich  and 
McGee  [27]  did  not  notice  any  second  phase  up  to  1  moleZ  Gd  doping.  How¬ 
ever  they  felt,  based  on  the  smaller  grain  size  of  doped  sample  compared 
to  the  undoped  sample ,  that  a  second  phase  might  be  present  at  the  grain 
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boundaries.  At  low  doping  levels,  detection  of  a  second  phase  by  x-rays 

is  extremely  difficult.  Thus,  x-ray  diffraction  results  at  low  doping 

levels  often  do  not  lead  to  any  conclusion.  T.  Ikeda  and  A.  Watanabe 

[28]  used  ESR  (Electron  Spin  Resonance)  to  study  the  defect  structure  of 

3+ 

Gd-doped  BaTiO^.  Their  observations  suggested  the  presence  of  Gd  ion 
on  both  barium  and  titanium  sites. 

A  few  studies  have  been  reported  about  the  characterization  of  the 
defect  structure  of  doped  PbTiO^tZS-Bl] ,  SrTiO^  [32]  and  BaTiO^ 

[33]  at  higher  doping  levels.  The  present  study  was  designed  to  gain 
some  understanding  about  the  defect  structure  of  Nd202-®a^^®3 »  a°d  to 
study  the  effect  of  moderate  levels  of  doping  of  ^£0^  on  the  dielectric 
properties  of  BaTiO^. 

3.2  Approach 

Barium  titanate  has  the  perovskite  structure  with  high  packing  den¬ 
sity,  which  makes  interstitial  atoms  unlikely.  G.  V.  l^wis  and  C.  R.  A. 
Catlow's  [34]  defect  energy  calculations  also  indicate  that  the  forma¬ 
tion  of  interstitials  is  unlikely.  Thus,  in  the  present  study  only  sub¬ 
stitutional  solid  solutions  were  considered. 

Since  the  neodymium  ion  has  a  different  valance  than  that  of  the 
barium  or  titanium  ion,  substitution  by  neodymium  for  one  of  these  pro¬ 
duces  a  charge  imbalance  and  charge  compensation  requires  that  elec¬ 
trons,  electron  holes  or  vacancies  be  produced.  The  dielectric  loss 
values  observed  in  the  present  investigation  were  too  low  to  consider 
electrons  or  electron  holes  as  the  charge  compensating  species.  Thus, 


'-V-V.  V' 
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charge  compensation  by  various  types  of  vacancies  were  the  only  possi¬ 
bilities  considered. 


Table  6  lists  the  various  defect  structures  considered  and  their 

unit  cell  formulae.  Formulations  A  and  E  were  prepared  based  on  the 

assumption  that  the  substitution  occurs  at  the  barium  site  and  charge 

*  *  +  +  + 

compensation  takes  place  by  formation  of  and  respectively. 

Formulation  D  was  prepared  based  on  the  assumption  that  substitution 
occurs  the  titanium  site  and  charge  compensation  takes  place  by  creation 
of  oxygen  vacancies.  Formulation  C  assumes  self  compensation.  Formula¬ 
tion  B  was  considered  to  investigate  the  possibility  of  a  Nd202.2TiC>2~ 
BaTiO^  join. 

3. 3  Experimental 

3.3.1  Materials 

As  discussed  in  Section  2,  barium  titanate  was  formed  at  very  low 
temperatures  using  the  metallo-organic  compounds  barium  neodecanoate  and 
titanium  dlmethoxy  dineodecanoate ,  as  precursors.  Xylene  solutions  of 
these  compounds  were  mixed  in  equimolar  proportion  to  obtain  a  formula¬ 
tion  which  on  thermal  decomposition  gave  BaTiO^.  Since  the  formulation 
prepared  using  solutions  of  metallo-organic  compounds  is  a  mixture  of 
true  solutions,  mixing  of  barium,  titanium  and  other  compounds  if  added 
is  expected  to  be  on  a  molecular  level.  This  fact  is  expected  to  give 
homogeneity  on  the  molecular  level,  which  will  produce  the  thermodynami¬ 
cally  stable  phase  or  phases  much  more  quickly  than  if  powders  of  the 
constituents  are  mixed  and  fired. 
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Table  6.  List  of  Defect  Structures  Considered. 


Mix 

Charge  compensation 

Mix  BaTiO^  plus 

A 

[»dBa]  ‘  2[Vb1  1 

Nd2°3  ‘ 

3Ti02 

a 

[NdiJ  ‘  2[vbJ  +  4Ki"] 

Nd2°3  * 

2Ti02 

ana  [v”] .  [v;;"i 

c 

[»d-a] .  [M;t] 

Nd2°3 

D 

iV  ■  2tv;'] 

Nd2°3  * 

2BaO 

E 

[Bd8a]  -  4[v”"] 

Nd203  • 

1  T102 

Unit  Cell  Formula 


Barium  neodecanoate  and  titanium  dimethoxy  dineodecanoate  were 
prepared  following  the  procedures  described  in  Section  2.  Neodymium 
neodecanoate  was  prepared  by  reacting  the  ammonium  soap  of  neodecanoic 
acid,  obtained  by  reacting  ammonium  hydroxide  with  neodecanoic  acid, 
with  an  aqueous  solution  of  neodymium  chloride.  The  neodymium  neode¬ 
canoate  was  separated  from  the  aqueous  phase  and  dissolved  in  xylene. 

The  thermal  decomposition  behavior  of  the  compounds  was  studied 

using  thermogravimetric  analysis.  Figure  11  shows  the  thermogram  of 

o 

neodymium  neodecanoate.  The  rapid  weight  loss  below  100  C  is  due  to 
evaporation  of  the  xylene  solvent,  and  the  remaining  weight  loss 
represents  the  decomposition  of  neodymium  neodecanoate.  The  correspond¬ 
ing  thermograms  for  barium  neodecanoate  and  titanium  dimethoxy  dineode¬ 
canoate  were  shown  in  Figs.  1  and  2.  Table  7  lists  the  decomposition 

o  , 

temperatures  at  a  heating  rate  of  10  C/min.  for  all  three  compounds. 
The  decomposition  products  were  characterized  using  x-ray  diffraction. 


3.3.2  Sample  Preparation 

The  metallo-organic  compounds  in  xylene  required  for  a  particular 

formulation  were  weighed  to  0.003  g,  and  mixed  thoroughly  by  manual 

o 

stirring  for  a  few  minutes.  The  solution  was  then  heated  from  200  C  to 
o  o 

“430  C  at  the  heating  rate  of  “10  C/min.  The  residue  was  further  heated 
o 

to  about  650  C  for  complete  decomposition.  The  kinetic  studies  in  Sec¬ 
tion  2  showed  that  an  equimolar  mixture  of  the  Ba  and  Ti  compounds 

o  o 

formed  BaTiO^  at  660  C  at  a  heating  rate  of  5  C/min.  This  solid  mass 
was  pulverized  manually  and  approximately  0.15  g  of  the  powder  was 
pressed  at  about  80,000  psi.  to  obtain  a  disk  shaped  pellet  (dia  “6  mm, 


dielectric 
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BaO  +  (1-2x)T102  +  xNd^  + 


2I 

+  T^tf8*0  *  (^k-)Nd203  (12> 

From  Eq.  (9)  and  Eq.  (10),  the  ratio  of  rejected  Nd^^  an<*  TiO 2  is 
2x 

identically  equal  to  3(  i-^)  »  an^  t^ie  x-ray  diffraction  pattern  of  formu¬ 
lations  A  and  B  indicated  the  presence  of  the  same  second  phase.  Eq. 
(11)  and  Eq.  (12)  suggest  that  the  second  phase  in  formulations  C  and  D 
should  be  BaO  rich.  The  x-ray  diffraction  pattern  of  formulation  D  con¬ 
firmed  the  presence  of  orthorhombic  Ba2TiO^.  The  x-ray  diffraction  pat¬ 
tern  of  formulation  C  indicated  the  presence  of  an  unknown  phase, 
although  a  few  of  the  peaks  corresponded  to  Ba2TiO^.  This  was  expected 
because  according  to  Eqs.  (11)  and  (12),  the  rejected  BaOiNd^^  ratio  is 
slightly  higher  for  formulation  C  than  for  formulation  D. 

3.4.2  Dielectric  Properties 

Figure  14  shows  the  variation  of  dielectric  constant  with  tempera¬ 
ture  for  various  compositions  of  formulation  E.  Addition  of  Nd^^ 
decreases  the  Curie  temperature  of  barium  titanate  drastically  as  shown 
in  Fig.  15;  Nd20j  *  ^/2  Ti02  is  a  more  effective  Curie  point  depressor 
for  BaTiO^  than  any  previously  reported  compound.  At  5  mole  X 
addition,  samples  made  from  the  other  four  formulations  did  not  show  as 
low  of  a  Curie  temperature  as  did  formulation  E,  which  is  the  expected 


2(l-2x)  -x  .  ‘  . 

2-x .  <BaBa)l-2x(NdBa)2x 


(V  .  (TiX  ) 

'  Ti  ;x/2'‘  Ti', 
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i)  Formulation  A- 


( l-3x)BaO  +  Ti02  +  xNd^  > 


M  <BaL  WV* 


(VTi  ^x/2^T^Ti\  x 
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ii)  Formulation  B 
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iii)  Formulation  C 
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iv)  Formulation  D 


MOLE  %  Nd203 
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E 
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Figure  12.  A  segment  of  the  BaO  -  Nd^O^  -  TiO^  phase  diagram. 


Table  9.  Compounds  not  Detected  in  a  and  6 


BaO 

Ba2T104 

Nd2T105 

Ti02 

BaTi205 

Nd2Ti20? 

Nd2°3 

Ba2Ti5°12 

Nd2Ti4°ll 

Ba6Ti17°A0 

Nd4Ti9°24 

BaT13°7 

Ba4Ti13°30 

BaTi. 0o 

4  9 

BaNd2Ti3°10 

Ba2Ti9°20 

BaNd„Ti.O.  . 
2  5  14 

BaTi.O, , 
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presence  of  a  second  phase  or  phases  (6).  The  a  and  $  phases  were  not 
any  of  the  phases  listed  in  Table  9,  although  a  few  of  the  peaks  in  the 
0  phase  matched  with  those  of  Ba2TiO^.  The  d  spacings  and  approximate 
intensities  for  the  a  and  0  phases  are  listed  in  Table  10.  Formulation 
D  showed  a  second  phase  or  phases  (y)  at  all  NdjO^  levels.  Most  of  the 
diffraction  peaks  in  y  correspond  to  the  orthorhombic  form  of  Ba2TiO^, 
but  a  few  extra  peaks  were  observed.  No  second  phase  was  observed  for 
formulation  E  at  any  level  of  Nd203  ac^^^t^on  studied.  Figure  12  summar¬ 
izes  the  various  compositions  studied  on  a  portion  of  the  BaO  -  Ti02  - 
Nd2°3  comP°8ltion  triangle.  The  shaded  portion  corresponds  to  the  sin¬ 
gle  phase  region  suggested  by  this  study. 


Lattice  parameters  of  samples  made  from  formulation  E  were  deter¬ 
mined  and  the  unit  cell  volumes  calculated  from  these  results  are 
displayed  in  Fig.  13.  The  unit  cell  volume  decreased  continuously  as 
Nd203  was  added  to  BaTi03>  which  indicates  that  the  smaller  neodymium 
ion  replaces  the  larger  barium  ion.  This  is  consistent  with  the  defect 
structure  assumed  for  formulation  E.  Formulations  E  containing  1  and  2 
mo let  Nd203  were  found  to  be  tetragonal  while  the  rest  were  cubic.  The 
unit  cell  volume  of  solid  solutions  does  not  extrapolate  to  BaTi03. 
Similar  observations  were  made  by  G.  H.  Jonker  et  al.  [33]  in  the 
BaTi03~La203  system. 

The  phase  analysis  results  suggest  that  the  defect  structure 
assumed  for  formulation  E  is  the  correct  one.  If  the  Nd  ion  goes  into 
the  barium  site  and  charge  compensation  takes  place  by  creation  of 
titanium  vacancies,  then  the  following  reactions  are  expected  for  the 
various  formulations: 


w"*  w"*  *  *  '•*  ‘ 
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nature  of  the  latent  heat  peak.  Thus,  a  specimen  of  the  same  weight  as 
that  of  the  sample  but  with  a  different  Nd^  doping  level,  hence  a  dif¬ 
ferent  Curie  temperature,  was  used  as  a  reference. 


* 

For  the  structural  analysis,  an  automated  x-ray  diffractometer  was 

o 

used.  The  phase  analysis  was  done  using  2  (26)/min  detector  scan  speed 

and  cobalt  and  copper  radiation.  From  the  phase  analysis  data,  the  high 
angle  reflections  of  the  respective  phases  were  chosen  for  the  lattice 
parameter  determination.  Determination  of  the  lattice  constants  of  the 
phase  was  done  by  using  a  lattice  constant  refinement  program  [26], 
which  refines  lattice  constants  for  any  symmetry  by  the  least  square 
method. 

3.4  Results  and  Discussion 

3.4.1  Structural  Studies 

Very  little  work  has  been  done  on  the  BaO  -  TiO^  -  system, 

and  most  of  the  reported  studies  considered  titanium  rich  compositions 

[37-39].  Table  8  summarizes  the  results  of  the  x-ray  phase  analyses. 

Diffraction  patterns  of  formulation  A  containing  1,  2,  3  and  5  mole% 

Nd  0  .  3T10  and  formulation  B  containing  1,  2,  3,  5  and  10  mole%  Nd„0_ 

2  <3  Z  3 

.  2TiO^  indicated  the  presence  of  a  similar  second  phase  or  phases  (a ) 
which  could  not  be  identified.  No  second  phase  was  observed  for  formu¬ 
lation  C  at  3  mole%  Nd^O^  or  ^e88»  ',ut  higher  Nd^O^  additions  showed  the 

#  Dupont  #910,  Dupont  Inc.,  Wilmington  DE. 

*  Kristallof lex  4,  Siemens  Inc.  Germany. 


thickness  “1.25  mm).  The  pellet  was  placed  on  a  bed  of  powder  of  the 

o  o 

same  composition  in  a  platinum  crucible  and  fired  at  1340  C-1370  C  for  2 
hours.  The  powder  was  used  for  subsequent  structural  studies.  The  sin¬ 
tered  pellets  were  painted  with  a  Pd-Ag  thick  film  conductor  composi- 
tion+++,  dried  at  200°C  and  fired  at  850°C  for  about  15  minutes.  Thin 

copper  wires  were  soldered  to  both  sides  of  the  sample.  To  avoid  the 

** 

effects  of  moisture,  the  samples  were  coated  with  a  protective  spray 

3.3.3  Measurement  of  Properties 

The  dielectric  properties  of  the  samples  were  measured  as  a  func¬ 
tion  of  temperature.  An  environmental  chamber  was  used  to  vary  the 

o  o 

temperature  of  the  sample  atmosphere  from  -80  C  to  +160  C.  The  tempera¬ 
ture  of  the  specimen  was  checked  with  the  help  of  alumel-chromel 
microthermocouple  kept  very  close  to  the  specimen. 

The  dielectric  constant  and  the  dissipation  factor  of  the  specimens 
were  measured  using  a  digital  LCR  meter  .  All  the  dielectric  proper¬ 
ties  were  measured  at  1kHz  test  frequency  and  using  zero  D.  C.  bias. 
Spontaneous  polarization  measurements  were  carried  out  using  the  hys¬ 
teresis  loop  bridge  circuit  suggested  by  Diamant  et  al.  [35] 

Specific  heat  measurements  were  carried  out  using  a  differential 

# 

scanning  calorimeter  .  The  basic  interest  of  this  study  was  to  find  the 

+++  No.  6120,  DuPont  Inc.,  Niagara  Falls,  N.  Y. 

**  Crystal  Clear, No.  1302,  Borden  Inc.,  Columbus,  ' 


+  Model  SK  2101 , Associated  Testing  Laboratories  Inc.,  Wayne,  NJ 
#$  No.  4262A  Hewlett  Packard  Inc.,  Palo  Alto,  CA. 


Table  7.  Thermogravimetric  Analysis  Results. 

Compound  Decomposition  Product 

temp.  (°C) 

Barium  neodecanoate  387 

Titanium  dimethoxy  dineodecanoate  325 


Neodymium  neodecanoate 


375 


Heating  Rate  =  IO°C/min. 
Atmosphere  =Air 


i-  1  i  i _ I _ l _ I _ I _ I _ I 

200  400  600  800  1000 

TEMPERATURE,  °C 

1-  Thermogram  of  neodymium  neodecanoate  solution  in  xylene. 


behavior  for  two  phase  mixtures.  However,  the  Curie  temperatures  of  1, 

2  and  3  mole  %  Nd^O^  samples  of  formulation  C  agreed  quite  well  with  the 
corresponding  samples  of  formulation  E.  All  of  these  samples  had  single 
phase  x-ray  diffraction  patterns. 

Figure  16  shows  the  variation  of  dissipation  factor  with  tempera¬ 
ture  for  various  compositions  of  formulation  E.  The  Curie  temperature 
corresponds  to  the  point  of  inflection  of  the  dissipation  factor  vs. 
temperature  curves  of  the  doped  samples.  The  dielectric  loss  versus 
temperature  curve  can  be  divided  into  two  regions.  Region  1  is  below 
the  Curie  point  where  the  higher  losses  are  caused  primarily  by  domain 
walls,  and  the  low  loss  region  just  above  the  Curie  temperature  is 
region  II.  The  dissipation  factors  in  region  I  were  typically  about 
0.03,  and  those  in  region  II  less  than  0.001,  indicating  the  absence  of 
electrons  or  holes.  The  dissipation  factor  of  the  composition  contain¬ 
ing  1  mole  %  Nd2°3  showed  an  increasing  trend  as  temperature  was  reduced 
below  the  Curie  point.  This  could  be  due  to  the  tetragonal-orthorhombic 
phase  transition.  Since  this  phase  transition  was  not  observed  in  the 
samples  containing  3  or  more  moleZ  ^20^*  their  dissipation  factors  did 
not  show  the  increasing  trend  after  reaching  some  high  dissipation  fac¬ 
tor  value  below  the  Curie  point. 

Figure  17  shows  the  variation  of  inverse  susceptibility  with  tem¬ 
perature  for  various  compositions  of  formulation  E.  The  temperature  0  at 

which  the  inverse  susceptibility  becomes  zero  was  obtained  by  extrapola- 

o 

tion.  For  undoped  BaTiO^ ,  the  difference  0-Tc  was  about  10  C,  which  is 
in  agreement  with  a  previous  observation  [40],  Temperature  0  >  T£  is  a 
typical  characteristic  of  a  first  order  transformation.  As  the  doping 
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Figure  17.  Variation  of  inverse  susceptibility  of  formulation  E  with 


temperature. 


level  Increased,  the  difference  (6-T  )  decreased.  At  2  mole%  addition  of 

c 

Ndo0„  T  was  approximately  equal  to  0,  and  above  2  moleZ  addition  T 
t  j  c  c 

was  greater  than  9 .  This  indicates  that  the  ferroelectric  phase 
transformation  is  becoming  diffuse.  This  phenomenon  was  observed  by  G. 
Godefroy  et  al.  [41]  in  Co-doped  BaTiO^  and  by  S.  Kuroda  and  K.  Kubota 
[42]  in  rare  earth  doped  SBN.  N.  Setter  and  L.  E.  Cross  [43]  explained 
the  diffuse  phase  transformation  behavior  of  perovskite  f erroelectrics 
on  the  basis  of  order-disorder  of  B-site  cations.  An  ordered  crystal 
shows  a  normal  first  order  transformation  behavior,  whereas  disorder 
contributes  to  local  composition  fluctuations  and  causes  a  diffuse  phase 
transformation.  A.  P.  Lavaynuk  and  A.  S.  Slgov  [44]  gave  a  quantitative 
explanation  of  this  behavior  based  on  the  ordering  of  defects. 

To  confirm  the  nature  of  the  phase  transformations,  spontaneous 
polarization  and  specific  heat  experiments  were  conducted.  Figure  18 
shows  the  variation  of  spontaneous  polarization  with  temperature  for 
three  compositions  of  formulation  E.  The  rate  of  increase  of  spontaneous 
polarization  with  temperature  is  slower  for  the  formulations  containing 
higher  amounts  of  Nd^O^,  which  is  consistent  with  a  diffuse  phase 
transformation.  Figure  19  shows  the  variation  of  specific  heat  with 
temperature  of  three  compositions  of  formulation  E.  For  formulations 
containing  1  and  2  mole  %  Jk^O^,  a  distinct  latent  heat  peak  was 
observed,  whereas  for  the  sample  containing  3  mole%  NdjO^,  the  latent 
heat  peak  was  diffuse.  A  similar  behavior  was  reported  by  Borman  and 
Frisberg  [45]  for  (Ba,  Sr)TiO^  solid  solution.  They  explained  the 
behavior  using  Devonshire's  theory  [46,  47],  and  related  the  diffuse 
heat  capacity  peak  to  the  gradual  change  in  polarization  by  the  relation 
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TEMPERATURE  (°C) 

Figure  18.  Variation  of  spontaneous  polarization  of  formulation 


E  with  temperature. 


where  C  is  the  Curie  Weiss  Constant,  P  is  the  spontaneous  polarization 
w  s 

and  AC  is  the  height  of  the  specific  heat  peak  relative  to  the  base 
line. 


1.  When  Nd^O^  is  added  to  BaTi03>  the  neodymium  ions  go  in  substitu- 
tionally  on  barium  sites  and  charge  compensation  takes  place  by 
formation  of  titanium  vacancies. 

2.  The  solid  solubility  is  greater  than  10  mole  %  if  the  Nd^O^  is 

added  as  Nd  0„  .  3/2  TiO„  in  accordance  with  the  defect  structure. 

2  3  2 

3.  Addition  of  neodymium  oxide  to  barium  titanate  reduces  the  Curie 
temperature  drastically;  less  than  3  mole  %  ^2^3  8^^t8  bel°w 
room  temperature. 

4.  Nd^O^  doPed  BaTiO^  has  a  very  low  dissipation  factor  above  T£,  and 
the  dissipation  factor-temperature  curve  passes  through  a  point  of 
inflection  at  the  Curie  temperature. 

5.  The  ferroelectric  phase  transformation  becomes  diffuse  for  doping 
levels  of  3  mole  %  Nd2°3  and  ^8^er. 


4.  FILM  FORMATION  STUDIES 

The  graduate  student  working  on  this  phase  of  the  project  left  to 
take  a  job  with  Ferro  Corporation  in  September,  1984,  and  his  replace¬ 
ment  did  not  complete  his  MS  thesis  with  another  professor  until  April , 
1985.  Therefore,  studies  on  film  formation  were  active  for  only  half  of 
the  contract  year  and  the  results  are  presented  in  summary  form.  The 
necessary  groundwork  has  been  laid,  and  directions  for  research  in  the 
next  contract  year  determined. 

The  met alio -organic  compounds  used  in  the  BaTiO^  film  formation 
study  were  characterized  by  thermogravimetric  analysis,  NMR  spectroscopy 
and  IR  spectroscopy.  The  titanium  dimethoxy  dlneodecanoate  and  the 
barium  neodecanoate  were  found  to  have  almost  the  same  temperature 
ranges  of  decomposition  and  peak  decomposition  temperatures.  This  is 
advantageous  since  the  decomposition  products  of  the  two  compounds  would 
be  formed  at  almost  the  same  time  and  thus  there  would  be  minimum  segre¬ 
gation  of  these,  which  should  be  reflected  as  a  more  uniform  final  fired 
product,  BaTiO^.  Silver  neodecanoate  was  found  to  have  a  peak  decompo¬ 
sition  temperature  much  lower  than  that  of  titanium  dimethoxy  dineode- 
canoate  and  barium  neodecanoate,  making  it  an  attractive  choice  as  an 
electrode  material,  especially  for  cofiring  with  the  dielectric  film. 
The  NMR  and  IR  spectroscopic  analyses  helped  ensure  that  various  batches 
of  the  compounds  were  the  same,  thus  providing  a  means  for  Identifying 
the  compounds  and  for  partial  establishment  of  their  structure  by  iden¬ 
tification  of  their  functional  groups. 

The  films  were  deposited  by  spinning  a  solution  of  metallo-organic 
compounds  onto  silicon  substrates.  A  range  of  concentrations  of  a  1:1 
molar  solution  in  xylene  of  titanium  dimethoxy  dlneodecanoate  and  barium 


neodecanoate  which  gave  the  most  uniform  wet  films  was  identified.  A 
different  set  of  spinning  parameters  was  established  for  the  silver  neo¬ 
decanoate  solution  in  xylene  which  gave  uniform  wet  films  for  the  chosen 
concentration  of  the  solution. 

The  fired  films  of  BaTiO^  formed  under  these  conditions  were  found 
to  have  a  uniform  thickness  not  exceeding  a  variation  of  9%  along  a 
diameter.  The  SEM  analysis  of  the  surface  structures  at  various  points 
on  the  wafer  indicated  that  there  are  no  variation  in  surface  structure 
due  to  this  thickness  variation.  The  fired  films  were  concluded  to  be 
uniform. 

The  changes  taking  place  in  the  films  when  they  were  heated  was 
studied  using  optical  lot  stage  microscopy.  The  study  underlined  the 
importance  of  the  solvent  evaporation  stage  in  film  formation.  It  also 
proved  that  the  choice  of  the  silicon  wafer  substrates  was  well  made. 
The  processes  taking  place  at  higher  temperatures  could  not  be  studied 
since  the  resolution  of  the  microscope  was  insufficient. 

Weight  loss  studies  during  solvent  evaporation  demonstrated  that  it 
was  not  possible  to  remove  the  solvent  completely  in  a  reasonable  time 
by  drying  at  a  temperature  below  the  boiling  point  of  the  solvent.  The 
studies  also  showed  that  the  extent  of  the  solvent  removal  was  the  same 
at  different  heating  rates  for  the  same  drying  temperature.  The  results 
indicated  that  there  was  an  attractive  interaction  between  the  metallo- 
organic  compounds  and  the  solvent,  which  was  a  function  of  temperature. 

From  SEM  studies  on  films  dried  at  various  heating  rates  and  at 
various  drying  temperatures,  it  was  concluded  that  a  heating  rate  of 


o  o 

5  C/min,  a  drying  temperature  of  135  C  and  a  drying  time  of  30  min. 
would  result  in  a  uniform  dried  film.  The  formation  of  a  uniform  dried 
film  was  Important  because  any  non-uniformity  would  be  reflected  in  the 
fired  films.  The  solvent  removal  in  films  was  easier  because  of  the 
partial  evaporation  of  the  solvent  during  spinning  of  the  wet  film  onto 
the  substrate. 

The  solvent  evaporation  studies  revealed  one  of  the  problems  of  the 

MOD  process:  segregation.  The  segregation  was  revealed  by  electron 

o 

diffraction  of  various  regions  of  a  film  fired  to  625  C.  Certain 
regions  showed  the  presence  of  TiO^  while  others  showed  the  presence  of 
BaTlO^.  Since  segregation  is  favored  by  low  heating  rates  where  the 
chances  of  obtaining  a  uniform  film  are  higher,  a  compromise  has  to  be 
found  which  results  in  a  heating  rate  that  is  not  too  high  to  cause  rup¬ 
ture  of  the  film  and  not  too  low  to  cause  segregation.  If  that  is  not 
possible,  then  alternatives  have  to  be  found:  a  different  solvent  in 
which  the  solubilities  of  the  metallo-organic  compounds  are  almost  the 
same;  a  different  method  of  forming  the  wet  film  which  would  remove  most 
of  the  solvent  without  causing  segregation;  or  others. 

The  thermogravimetrlc  analysis  of  a  1:1  molar  solution  in  xylene  of 

barium  neodecanoate  and  titanium  dimethoxy  dineodecanoate  indicated  that 

o 

the  formation  of  BaTiO^  occurred  in  the  temperature  range  of  625-650  C, 

as  discussed  in  Section  2.  SEM  analysis  of  a  film  fired  at  the  rate  of 

o  o 

5  C/min.  showed  crystalline  BaTiO^  in  the  matrix  at  700  C  which  was 

o 

absent  at  600  C.  The  BaTiO^  regions  grew  to  form  a  uniform  film  at 


higher  temperatures 


o 

Electron  diffraction  studies  of  films  fired  to  temperatures  of  550 
o 

to  675  C  showed  BaTiO^  forming  from  Ti02  and  BaCO^.  Regions  that  were 

o 

completely  BaTiO^  were  present  at  temperatures  as  low  as  575  C,  indicat¬ 
ing  the  possibility  of  higher  reaction  rates  in  thin  films  as  compared 

to  reaction  rates  in  bulk.  If  segregation,  which  might  be  the  cause  for 

0 

the  presence  of  Ti02  at  temperatures  of  675  C,  is  totally  removed,  then 

there  exists  the  exciting  possibility  of  forming  BaTiO^  in  films,  at 

o 

temperatures  as  low  as  575  C. 

Electron  diffraction  studies  also  revealed  another  type  of  non¬ 
uniformity  in  the  films:  either  differing  grain  sizes  at  different  parts 
of  the  film  or  differing  degrees  of  preferred  orientation  at  different 
parts  of  the  film.  The  effect  of  these  variations  would  be  reflected  as 
variations  in  electrical  properties  at  various  regions  of  the  film. 

Studies  were  made  on  suitable  electrode  materials  and  the  means  of 

forming  electrode  films.  Since  the  studies  on  films  established  that 

o 

BaTiO^  forms  below  700  C,  silver  entered  the  realm  of  possible  electrode 
materials.  The  feasibility  of  producing  Ag  electrode  films  by  the  MOD 
process  was  explored,  and  adherent  films  of  Ag  were  made.  However,  more 
studies  have  to  be  made  to  optimize  firing  conditions  to  obtain  an 
adherent  film  of  sufficient  smoothness. 

Electrical  measurements  were  made  at  various  points  on  some  single 
layer  films  ('0.15  Mm)  that  appeared  smooth  by  SEM  analysis,  but  the 
resistance  of  the  films  was  too  low  to  measure  dielectric  properties. 
It  is  not  known  whether  this  result  was  due  to  electrical  shorts  due  to 
improper  film  formation  (cracks,  pores  etc.)  or  due  to  dielectric  break- 


down  during  the  process  of  measuring.  When  thicker  films  are  made,  it 
will  be  possible  to  make  electrical  measurements  since  there  would  be 
sufficient  material  to  prevent  dielectric  breakdown.  Studies  are  under 
way  to  produce  thicker  layers  of  dielectric  films  by  either  building 
thicker  wet  films  and  then  firing  to  get  a  thicker  fired  film  or  by  suc¬ 
cessive  print  and  fire  techniques. 
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